SUMMARY From early childhood, Turner syndrome patients have a flattened cranial base, maxillary retrognathism, and short hands. There are, however, no studies that show when these genotype-determined abnormalities occur prenatally. The purpose of the present study was to measure craniofacial profile and hand radiographs of second trimester foetuses with Turner syndrome and compare the results with similar measurements from normal foetuses.
Introduction
It is characteristic of Turner syndrome (45 X) that the body length is short (Dalla Palma et al., 1967; Brook et al., 1974) . Brook et al. (1974) described the course of growth in untreated girls with Turner syndrome and found that, unlike normal girls, there was no pubertal growth spurt. Another characteristic is the occurrence of a webbed neck (Felix et al., 1974; Clark, 1984) .
Craniofacial deviations have also been registered in Turner syndrome (Jensen, 1985; Peltomäki et al., 1989; Rongen-Westerlaken et al., 1992) , and abnormal morphology in teeth, palate and tooth eruption patterns have been described (Ogiuchi et al., 1985; Varrela, 1990; Mayhall and Alvesalo, 1992; Halse, 1992, 1994a,b) .
Cephalometric studies of patients with Turner syndrome, aged 14-44 years (Jensen, 1985) , showed that deviations in size and shape occurred in the cranium in comparison with normal control groups. The cranial base angle was extended, the maxilla and mandible were retrognathic, and the total length of the cranial base and clivus was short. The study also showed a short maximum length of the maxilla. Rongen-Westerlaken et al. (1992) , in a cephalometric investigation of girls with Turner syndrome aged 3.5-16.6 years, found that a large cranial base angle, maxillary and mandibular retrognathism, and a reduced posterior, and a normal anterior cranial base length were already present in early childhood. More recent cephalometric analyses of girls with Turner syndrome, aged 7-16.7 years, have confirmed that the cranial base angle is larger, and the maxilla and the mandible more retrognathic in girls with Turner syndrome (Midtbø et al., 1996) . Their study also showed that the total cranial base length, as well as the posterior cranial base length were reduced, while the length of the anterior cranial base did not vary from that of the normal group. In the same study, it was suggested that this abnormal development probably starts during foetal life, although this has never been investigated.
Among other characteristic skeletal findings are abnormalities in the sternum (Mehta et al., 1993) and many reports deal with analysis of hand bones (Archibald et al., 1959; Barr, 1974; Park, 1977; Poznanski et al., 1977; Cleveland et al., 1985; Meyer and Ranke, 1991; van der Werff ten Bosch and Bot, 1992) . Archibald et al. (1959) found short fourth metacarpal bones in Turner syndrome, while Park (1977) reported that Turner syndrome patients, in general, have shorter hand bones than normal girls in the corresponding age group. Park (1977) also found that the distal phalangeal bones are less reduced in size than the more proximally located metacarpal bones. When and how these dimensional changes in the hand arise in Turner syndrome patients is not known. Apart from skeletal alterations, mineralization changes have also been reported (Weiss and Reynolds, 1972; Armstrong and Morettin, 1973) .
There are very few studies of skeletal development in the prenatal period in Turner syndrome. In a recent investigation, Kjaer and Fischer Hansen (1997) reported that cervical ribs were a characteristic finding in Turner syndrome foetuses.
The purpose of the present study was to analyse craniofacial profile radiographs of foetuses with Turner syndrome and compare cephalometric values with standardized measurements, especially of the cranial base angle and maxillary prognathism on normal foetuses (van den Eynde et al., 1992) . It was also the intention to compare dimensions in the cranial base and maxillary complex, including the nasal bone, in Turner syndrome foetuses with normal values (Kyrkanides et al., 1993; Sandikcioglu et al., 1994; Silau et al., 1994; Eriksen et al., 1995) . A further aim was to investigate hand dimensions in foetuses with Turner syndrome and compare them with recently published normal values .
Subjects
Twelve Turner syndrome foetuses were examined, with parental consent, in connection with autopsy, including brain autopsy. Gestational age (GA) varied between 15 and 24 weeks, crownrump length (CRL) between 108 and 220 mm, and total number of ossified (TNO) bones visible in the hand and foot, which is a general skeletal measure of maturity, varied between 25 and 30. The skeletal maturity pattern of the hand and foot was normal for the CRL range of the sample (Kjaer, 1974) . The diagnosis of Turner syndrome was based on intra-uterine CT, autopsy findings, and chromosomal analysis, performed either intra-uterinely on amniotic fluid or extrauterinely on skin biopsy from the heel. In two cases of intra-uterine death and maceration, the diagnosis was based exclusively on autopsy findings, including whole-body radiography. The genetic diagnosis was performed by a pathologist in collaboration with geneticists.
Prior to radiography of the cranium and the head, a mid-sagittal block was dissected free from the cranial base by two vertical parasagittal incisions parallel to the crista galli through the medial part of the orbit (Kjaer, 1990) . Hand radiographs, with the right hand in a stretched position, were available for seven of these 12 foetuses.
Methods

Radiographic examination
The mid-sagittal block of each cranium and the hand were radiographed using a Grenz ray radiographic apparatus (Hewlett Packard Faxitron, Model 43855A, McMinniville, Oregon, USA). The tube voltage varied between 30 and 60 kV, and the exposure time from 10 to 60 seconds at 2.8-3.0 mA. The film used was Kodak X-omat MA (Kodak-Industrie, France), routinely processed. The skeletal maturity of the cranial base section, placed on a thin acrylic sheet on the film envelope, was evaluated from these radiographs and cephalometric analysis was carried out. The hand was placed on a thin acrylic sheet, stretched, and fixed with tape. The sheet was placed directly on the film envelope.
Cranial base complex
Maturity stages of the cranium. The development of the mid-sagittal part of the cranium was assessed on the basis of the shape of the frontal, occipital, sphenoid, and ethmoid bones, and the cranial maturity was classified into mid-sagittal segment stages (MSS) from MSS I to MSS VII (Kjaer, 1990) . In the present study, the maturity of the material lay in the range MSS IV to MSS VI, which is normal for foetuses within the CRL range concerned (Kjaer, 1990 ; Figure 1 ).
Cephalometric analysis. Magnification of the radiographs was performed in a stereomacroscope (Wild Heerbrugg macroscope M 420) and the cephalometric measurements between reference points were made with a digital sliding calliper (Sylvac SA, 1023 Crissier, Switzerland). The following cephalometric reference points, illustrated in Figure 2 , were used: Basion (ba): the most caudal point on the lower border of the basilar part of the occipital bone.
Sella (s):
centre of the sella turcica. From MSS IV to MSS VII the sella is found according to methods described by van den Eynde et al. (1992) . Nasion (n): the point of intersection between a line tangential to the nasal bone and a line tangential to the lower 5 mm of the frontal aspect of the frontal bone (van den Eynde et al., 1992) . The statistical analysis of the distributions of the cephalometric measurements was performed with the SAS Statistical Programme Package (SAS Institute Inc., 1988; Table 1 ).
Method error. The method error of the cephalometric measurements was assessed by remeasurement of the previously recorded radiographs. The reference points were removed from the films and were marked again. The variables were calculated and the differences between the two sets of recordings were evaluated. The analysis showed no sytematic errors between the two sets of recordings. The method errors, s(i), of the shape measurements were 1.07 and 1.22 degrees. The method errors, s(i), of the size measurements ranged from 0.11 to 0.44 mm. The method error of the cephalometric variables was calculated by Dahlberg's formula (Dahlberg, 1940) . Kyrkanides et al., 1993 6.8 (108-220) 1.8 on (mm) 1.5 (µ) 2.5 (µ) 4.2 (µ) 6 (µ) 7 (µ) 8 (µ) Sandikcioglu et al., 1994 3.4 (108-220) A hand radiograph of a Turner syndrome foetus is illustrated in Figure 3 . The following hand dimensions, illustrated in Figure 4 , were recorded on the third finger according to Kjaer and Kjaer (1998) .
Digital-metaphalangeal length (DM):
The distance from the most distal part of the distal phalangeal bone to the most proximal part of the metacarpal bone. This measurement expressed the hand length.
Proximal phalangeal bone length (PP):
The distance from the most distal part to the most proximal part of the proximal phalangeal bone.
Metacarpal bone length (MC):
The distance from the most distal part to the most proximal part of the metacarpal bone. The hand measurements (DM, PP, and MC) for Turner foetuses were plotted on diagrams with regression lines for comparable measurements from 251 normal hands related to CRL values . The groups were compared by analysis of covariance (ANCOVA, BMDP Software, 1988) and P values were reported.
Results
Cranial base complex
Shape. The mean for the cranial base angle (n-s-ba) corresponding to CRL in the present study was generally larger than standard values for normal foetuses (van den Eynde et al., 1992; Figure 5 ). Ten of the 12 foetuses had a larger n-s-ba angle corresponding to CRL compared with the normal group. On the other hand, the mean for the maxillary prognathism (s-n-sp) corresponding to CRL was generally smaller than standard values for normal foetuses (van den Eynde et al., 1992; Figure 5 ). Eleven of the 12 foetuses had a smaller s-n-sp angle corresponding to CRL compared with the normal group. The same tendency was observed when comparison was made with MSS maturity values.
Size. The means for the size measurements in the regions of the posterior and anterior cranial fossa, including the maxillary complex corresponding to CRL, were generally smaller than standard values for normal cranial base dimensions and anterior facial height when comparison was made according to CRL (Eriksen et al., 1995; Figure 6) . The same applied to the lengths of the basilar part of the occipital bone (Kyrkanides et al., 1993;  Figure 7 ) and of the nasal bone (Sandikcioglu et al., 1994;  Figure 7) , and of osseous palatal lengths (Silau et al., 1994; Figure 8 ). Ten of the 12 foetuses had a smaller length of the anterior cranial base (n-s) and a smaller length of the basilar part of the occipital Eriksen et al. (1995) . The three dimensions illustrated were smaller in Turner syndrome foetuses than in genetically normal foetuses in relation to body size (CRL in mm).
Hand
The relationships between hand size (DM) or finger bone size (PP, MC) and CRL are shown in Figure 9 . There was a pronounced reduction in hand and finger bone sizes in Turner syndrome foetuses compared with normal foetuses with the same CRL.
Discussion
This research shows that the abnormal form of the cranial base and the short hand in Turner syndrome, known from postnatal studies (Jensen, Kyrkanides et al. (1993) . (b) The length of the nasal bone (on) in lateral view was in all cases shorter (dots) than in normal foetuses (straight line). For normal values, see Sandikcioglu et al. (1994) . The sizes of the basilar part of the occipital bone and of the nasal bone were smaller in Turner syndrome foetuses than in genetically normal foetuses in relation to body size (CRL in mm). The length of the palatal bone in the mid-sagittal plane (op) was generally shorter in Turner syndrome (dots) than in normal foetuses (straight line). (c) The total length of the bony palate in the mid-sagittal plane (mp) was shorter in Turner syndrome (dots) than in normal foetuses (straight line). For normal values, see Silau et al. (1994) . The bone palate was shorter in Turner syndrome foetuses than in normal foetuses in relation to body size (CRL in mm).
1985; Rongen-Westerlaken et al., 1992; Midtbø et al., 1996) , are also present prenatally. The abnormality was registered at a very early stage, from the commencement of ossification. Postnatal studies of Turner syndrome show, moreover, reduced mandibular prognathism compared with normal groups. In this study, mandibular prognathism was not included, because the cranial base blocks, which are essential for recognition of the mid-sagittal structures, do not include the condylar processes, which are necessary for correct measurement of the mandibular position.
The pathogenesis related to the shape of the cranial base in the Turner group is not known. General oedema in varying degrees is seen in Turner foetuses and, in particular, extensive neck hygroma. It is probable that the foetuses in this group, where extensive nuchal hygroma had been registered intra-uterinely or where the foetus had died intra-uterinely, show greater phenotypic anomalies than children born with Turner syndrome. One may therefore suppose that the anomalies registered here are greater than in Turner foetuses with a more moderate phenotypic appearance. Moreover, heart, major blood vessels, and kidney defects are often seen in Turner syndrome (Keeling, 1994) . It is possible to imagine that the regional changes in the cervical region (Kjaer and Fischer Hansen, 1997) , could be associated with the increased cranial base angle. Further investigations are needed to determine whether there is a relationship between the extent of the hygroma in the cervical region and the changes in the cranial base. It is also conceivable that changes in brain development in Turner foetuses might result in changes in the shape of the cranial base.
In earlier studies of pathological development of the cranial base, the sella turcica region has been described as a boundary region between a notochordal developmental field behind the sella turcica and a prenotochordal developmental field in front of the sella turcica, illustrated in Figure 2 (Kjaer, 1998) . The cause of this field boundary has been ascribed to the difference in the functions of the notochord in the two regions. When changes in shape are observed in a prenatal cephalometric analysis such as in the present study of Turner foetuses, it is reasonable 192 E. ANDERSEN ET AL. to clarify whether there is defective development of the notochordal field, or of the prenotochordal field, or perhaps of both. Studies of the sizes of the individual cranial components have therefore concentrated on an analysis of the shape relationships behind and in front of the sella turcica. In the present study, this analysis suggests that the abnormalities in shape and size are located both in the prenotochordal and in the notochordal fields. In other words, according to the results of this study, the areas in front of and behind the sella turcica are affected in Turner syndrome. It is shown that the nasal bone is shorter than in normal foetuses. It seems possible that a deviation in the length of the nasal bone also occurs postnatally in Turner syndrome, since an 'upturned' nose is a well-known phenotypic characteristic of this syndrome (Keeling, 1994) . It is also well-known that girls with Turner syndrome are shorter than girls with a normal genotype.
The present study has shown, on limited foetal material, that the hand length and the length of the bones in the third finger are smaller compared with CRL in Turner syndrome than in normal individuals. This was not previously known. It is important to increase the sample size for analysis in further research studies on Turner syndrome prenatally.
An overriding problem when one refers to the measurement of prenatal dimensions on foetuses with Turner syndrome, which are probably also smaller in size (CRL) than normal foetuses of the same gestational age, is that 'normal' in relation to a CRL scale in reality is less than normal in relation to the actual age, which is not known. Therefore, when, for example, the maxillary complex is measured and found to be less than the normal values, it is likely that the maxillary complex is even less in relation to the real age.
Prenatal studies of Turner syndrome foetuses have, with the aid of radiographic investigations of the cervical column, shown the presence of unilateral or bilateral cervical ribs (Kjaer and Fischer Hansen, 1997) . It is not known whether this circumstance is related to the findings of short hands in Turner syndrome. In general, there are no studies which compare the findings in the body axis with the limb findings. It is of interest to do this in the future, since the development of the limbs originates from the paraxial mesoderm.
In cases where chromosomal analysis cannot be performed or where the analysis is unsuccessful, prenatal cephalometric measurements can supplement the description of a phenotype suspected of Turner syndrome. Furthermore, studies such as the present one can contribute to a better understanding of postnatal genotypedetermined disorders. Therefore, it is important for orthodontic research to collaborate not only with geneticists, but also with pathologists concerning material from different chromosomal disorders.
